A method of fabricating SWNT probes for use in atomic force microScopy is disclosed. In one embodiment, the SWNTs are fabricated using a metallic salt solution. In another embodiment, the SWNTs are fabricated using metallic colloids.
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BACKGROUND OF THE INVENTION
Carbon nanotubes are fullerene-related structures which consist of graphene cylinders closed at either end with caps containing pentagonal rings. They were discovered in 1991 by the Japanese electron microscopist Sumio Iijima who was Studying the material deposited on the cathode during the arc-evaporation Synthesis of fullerenes. He found that the central core of the cathodic deposit contained a variety of closed graphitic Structures including nanoparticles and nanotubes, of a type which had never previously been observed. A short time later, Thomas Ebbesen and Pulickel Ajayan, from Iijima's lab, showed how nanotubes could be produced in bulk quantities by varying the arc-evaporation conditions. This paved the way to an explosion of research into the physical and chemical properties of carbon nano tubes in laboratories all over the world.
A major event in the development of carbon nanotubes was the synthesis in 1993 of single-layer nanotubes. The Standard arc-evaporation method produces only multilay ered tubes. It was found that addition of metals such as cobalt to the graphite electrodes resulted in extremely fine tube with single-layer walls. The availability of these struc tures should enable experimentalists to test Some of the theoretical predictions which have been made about nano tube properties.
An alternative method of preparing Single-walled nano tubes was described by Smalley's group in 1996. Like the original method of preparing Co., this method involved the laser-vaporization of graphite, and resulted in a high yield of Single-walled tubes with unusually uniform diameters. These highly uniform tubes had a greater tendency to form aligned bundles than those prepared using arc-evaporation, and led Smalley to christen the bundles nanotube "ropes". Initial experiments indicated that the rope Samples contained a very high proportion of nanotubes with a Specific armchair Structure. Subsequent work has Suggested that the rope Samples may be less homogeneous than originally thought. Nevertheless, the Synthesis of nanotube ropes gave an important boost to nanotube research, and Some of the most impressive work has been carried out on these Samples.
Nanotubes, depending on their Structure, can be metals or Semiconductors. They are also extremely strong materials and have good thermal conductivity. The above character istics have generated Strong interest in their possible use in nano-electronic and nano-mechanical devices. For example, they can be used as nano-wires or as active components in electronic devices.
Beginning with the early work of Binnig, Rohrer and co-workers, the utility of a direct, physical connection 2 between the macroscopic world and individual objects on the nanoscopic Scale has become increasingly evident, both for probing the nature of these objects and as a means of direct manipulation and fabrication. While good progreSS has been made in controlling the position of the macroscopic probe to Sub-angstrom accuracy and in designing Sensitive detection Schemes, there remains the problem of the tip. Ideally, the tip should be of at least the Same molecular precision as the nanoscale object to be probed, and it should maintain this perfection reliably in day-to-day practical use not only under high vacuum but also in air and when probing under water. The currently available tips for Scanning force microScopy, SFM, or Scanning tunneling microScopy, STM, do at times achieve Sub-nanometer resolution, they Seldom survive a direct "tip crash" with the surface. Further, it is rarely clear just what the atomic configuration of the tip actually is when the image is taken. Carbon nanotubes, particularly those which are effectively fullerenes of mac roscopic length in one dimension but Still intrinsically nanoscopic with molecular perfection in the other two dimensions, may offer the Solution to this tip problem.
The atomic force microscope (AFM), or Scanning force microscope (SFM) was invented in 1986 by Binnig, Quate and Gerber. Like all other Scanning probe microscopes, the AFM utilises a sharp probe moving over the surface of a Sample in a raster Scan. In the case of the AFM, the probe is a tip on the end of a cantilever which bends in response to the force between the tip and the sample. The first AFM used a Scanning tunneling microscope at the end of the cantilever to detect the bending of the lever, but now most AFMS employ an optical lever technique.
The cantilever obeys Hooke's Law for small displacements, the interaction force between the tip and the Sample can be found. The movement of the tip or Sample is performed by an extremely precise positioning device made from piezo-electric ceramics, most often in the form of a tube Scanner. The Scanner is capable of Sub-angstrom reso lution in X-, y-and Z-directions. The Z-axis is conventionally perpendicular to the Sample.
Compression occurs when the tip is over the feature trying to be imaged. It is difficult to determine in many cases how important this affect is, but Studies on Some Soft biological polymers (such as DNA) have shown the apparent DNA width to be a function of imaging force.
Interaction forces between the tip and Sample are the reason for image contrast with the AFM. However, some changes which may be perceived as being topographical, may be due to a change in force interaction. Forces due to the chemical nature of the tip are probably most important here, and Selection of a particular tip for its material can be important. Chemical mapping using Specially treated or modified tips is another important aspect of current research.
The aspect ratio (or cone angle) of a particular tip is crucial when imaging Steep sloped features. Electron beam deposited tips have been used to image Steep-walled features far more faithfully than can be achieved with the common pyramidal tips.
The remarkable structural and mechanical properties of single-walled carbon nanotubes (SWNT) make them ideal atomic force microscopy (AFM) probes. Simpler Since it can be carried out on many tips at once. The ultimate high-resolution tip would be an individual SWNT tip rather than a bundle.
SUMMARY OF THE INVENTION
In one aspect, the invention provides for a method of fabricating SWNT probes for use in atomic force microScopy, comprising the Steps of growing SWNTs on a Substrate using chemical vapor deposition; imaging Said Substrate using an atomic force microScope comprising a tip; and attaching one of said SWNTs to said tip, thereby producing a tip bearing a SWNT. In one embodiment, the SWNTs are deposited normal to the surface of said substrate.
In a further embodiment, the Substrate is a silicon wafer.
In another embodiment, growing the SWNTs on a silicon wafer comprises the Steps of: depositing on Said wafer a metallic catalytic material; placing Said Silicon wafer in a CVD furnace; and exposing Said Silicon wafers to a gaseous atmosphere comprising a carbon containing gas. In a further embodiment, the metallic catalytic material is Selected from the group consisting of metals, metal oxides, metallic Salts, and metallic particles.
In an embodiment, the metallic catalytic material is in Solution. In a further embodiment, the metallic catalytic material is Selected from the group consisting of ferric Salts, nickel Salts, cobalt Salts, platinum Salts, molybdenum Salts, and ruthenium Salts. In a particular embodiment, the metallic catalytic material is ferric nitrate. In a further embodiment, the Solution comprises an alcohol. In an even further embodiment, the alcohol is Selected from the group consist ing of methanol, ethanol, and isopropanol. In yet a further embodiment, the alcohol is isopropanol.
In one embodiment, the carbon containing gas is ethylene. In a further embodiment, the carbon containing gas is ethylene, the metallic catalytic material is ferric nitrate, and the alcohol is isopropanol.
In one embodiment, imaging the Substrate further com prises applying a pulsed electric field.
In another embodiment, growing the SWNTs on a silicon wafer comprises the Steps of treating Said Silicon wafer with 4 metallic colloid particles, placing Said Silicon wafer in a CVD furnace, and exposing Said Silicon wafers to a gaseous atmosphere comprising a carbon containing gas. In an embodiment, the metallic colloid is Selected from the group consisting of iron colloids, nickel colloids, cobalt colloids, platinum colloids, molybdenum colloids, and ruthenium colloids. In a particular embodiment, the metallic colloid is an iron colloid.
In an embodiment, the carbon containing gas is ethylene.
In another embodiment, the metallic colloids have diameters of about 3-15 nm. In yet another embodiment, the SWNT has a diameter from about 2 nm to about 13 nm. In yet another embodiment, the SWNT has a diameter from about 2 nm to about 9 mm. In another embodiment, the SWNT has a diameter from about 3 nm to about 5 nm.
In an embodiment, the method further comprises a tip bearing an adhesive. In another embodiment, the method further comprises the Step of heating Said tip bearing a SWNT. In another embodiment, The method comprises treating the tip bearing a SWNT with an electromagnetic field.
In another embodiment, a method of growing carbon nanotubes comprising the Steps of: providing a Substrate; treating Said Substrate with a metallic colloid Solution; placing Said Substrate in a CVD furnace; and exposing Said Substrate to a gaseous atmosphere comprising a carbon containing gas, thereby growing a carbon nanotube on Said Substrate. In a further embodiment, the carbon nanotube is a SWNT. In a further embodiment, the carbon nanotube is a MWNT. In a further embodiment, the Substrate is a silicon wafer. In a further embodiment, the metallic colloid is Selected from the group consisting of iron colloids, nickel colloids, cobalt colloids, platinum colloids, molybdenum colloids and ruthenium colloids. In a particular embodiment, the metallic colloid is an iron colloid. In a particular embodiment, the carbon containing gas is ethylene. In another particular embodiment, the metallic colloids have diameters of about 3-15 nm. In another particular embodiment, the Solution comprises an organic Solvent. In yet another embodiment, the Solution comprises toluene. 
DETAILED DESCRIPTION OF THE INVENTION
One aspect of the present invention relates to various Strategies for attaching nanotube tips to Silicon tips used in atomic force microscopy (AFM). A second aspect of the present invention relates to an assembly method to fabricate individual SWNT atomic force microscopy probes from wafers with isolated, approximately vertically aligned SWNT prepared by CVD with a high yield. In one embodiment, the probes are prepared with about 100% yield, about 90% yield, or about 80% yield. In another embodiment, the fabricated probes comprise a SWNT tip greater than about 5 angstroms in diameter. In another embodiment, the fabricated probes comprise a SWNT tip greater than about 8 angstroms in diameter. In another embodiment, the fabricated probes comprise a SWNT tip greater than about 1 nm in diameter. In another embodiment, the fabricated probes comprise a SWNT tip greater than about 2 nm in diameter. Additionally, an etching procedure is described that allows control over the length of the nanotube with 2 nanometer resolution.
A single walled carbon nanotube (SWNT), which is a cylindrical graphene sheet rolled from one side to the opposite, forming a cylinders with diameters ranging 0.1 to 50 nanometers and lengths of many microns, may be used as an AFM tip. These nanotubes may provide a combination of high resolution and high aspect ratio imaging which may be due to a possibly large Young's modulus. In addition, carbon nanotubes may elastically buckle rather than fracture under large loads, which makes them highly robust as AFM probes. In contrast to SWNTs, multi-walled carbon nano tubes (MWNTs) have multiple walls of cylindrical graphene sheets rolled from one side to the opposite.
In one embodiment, a hybrid CVD/assembly method is provided for the facile production of individual SWNT tips, with about 100% yield, from silicon wafers containing individual SWNT arranged normal to the surface.
In an embodiment, isolated SWNT are grown on a Sub Strate by CVD So that they are arranged approximately normal to the Substrate Surface. In one embodiment, the Substrate is a ceramic or ceramic oxide. In another embodiment, the Substrate may comprise Silicon, Silicon oxide, alumina, or aluminum oxide. In a particular embodiment, the Substrate is a Silicon wafer.
The isolated SWNTs are grown on the Surface of the Substrate by applying to the Substrate a catalytic material. In one embodiment, the catalytic material may be a metal, a metal oxide, a metal particle, a metal oxide particle, or a combination of two or more of these components. In a particular embodiment, the metal is a Group VIII transition metal. In another embodiment, the metal is Selected from the group consisting of iron, ruthenium, nickel, cobalt, platinum, and molybdenum. In yet another embodiment, the metal oxide comprises a metal Selected from the group consisting of iron, ruthenium, nickel, cobalt, platinum, and molybdenum.
In yet another embodiment, the catalytic material is a metallic Salt. In another embodiment, the metallic Salt is
Selected from the group consisting of iron, nickel, cobalt, platinum and molybdenum Salts. In one embodiment, the Salt is a nitrate Salt. In a particular embodiment, the metallic Salt is ferric nitrate.
In another embodiment, the catalytic material may be ferric chloride, ferric acetate, ferric citrate, ferrous Sulfate, ferrous perchlorate, ferrous oxide, ferric oxide, ferroSoferric oxide, or ferric hydroxide, and cobaltous nitrate. In one embodiment, a very thin layer of a metal, metallic particle or metal oxide may be deposited onto the wafer. The metal, metallic particle or metal oxide may be deposited by applying it to the Surface using evaporation techniques, dipping, electrodeposition, or other methods known to those skilled in the art. In a particular embodiment, a Silicon wafer is dipped into a Solution comprising a metallic Salt and alcohol. In one embodiment the alcohol is selected from the group consisting of methanol, ethanol, and propanol. In a particular embodiment, the alcohol is isopropanol.
In certain embodiments, the Silicon wafer is placed in a CVD furnace and nanotube growth is carried out under a flow of inert gas and a carbon-containing gas, at a tempera ture of about 700-800 C., conditions known to favor SWNT growth. In a particular embodiment, the carbon-containing gas is Selected from the group consisting of alkylene gases, carbon dioxide, and carbon monooxide. In a particular embodiment, the carbon-containing gas is ethylene. In a further particular embodiment, the Silicon wafer is placed in a CVD furnace and nanotube growth is carried out under a flow of about 600 sccm Ar, about 400 sccm H2, and about 0.5 sccm ethylene at 700-800 C., conditions known to favor SWNT growth. AFM images of the silicon wafer processed in this way indicate that it is covered with isolated nanotubes 7 that are about 500 nm long with heights less than about 1 nm (FIG. 6a) . While many nanotubes are found lying flat on the Substrate, as Seen in the AFM image, there are also similar nanotubes protruding from the Surface. During AFM imag ing of these wafers, the Z-piezo position, which is controlled by a feedback loop to hold the Sample at a Set position relative to the tip, may Suddenly Step to a lower value and continue to image normally. Since the wafer Surface has no step-like features, this behavior may be attributed to the tip suddenly becoming effectively longer (FIG. 6b) . After a step event, an individual SWNT may be found on the tip by observing its buckling behavior in force calibration curves and directly from transmission electron microsopy (TEM) images of the tip (FIG. 6c) .
In another embodiment, diameter controlled carbon nano tubes are made using metallic colloids with CVD. In one embodiment, different size ranges of metallic colloid cata lytic particles were produced with ligand alkanoic acids or alkenoic acids of different chain lengths. In one embodiment, the metallic colloid catalytic particles are Selected from the group consisting of iron, nickel, cobalt, platinum, molybdenum, and ruthenium colloid catalytic particles. For example, the carboxyl groups of the ligand coordinate the metal, e.g., iron, whereas the hydrophobic tails interact with each other to form a cap layer for the iron particle. The ligand may comprise an alkyl moiety or an aminoalkyl moiety. The organic chain length of the ligand may increase from 8 carbon atoms (octanoic acid), to 12 carbon atoms (lauric acid) to 18 carbon atoms (oleic acid); moreover, Smaller iron particles of diameter sizes from 12.6+/-1.7 mm, 9.0+/-0.9 nm, to 3.2+/-0.8 nm can be produced (FIG. 8) . The size distributions of the metallic particles may be further optimized by Size precipitation or Size focusing techniqueS Such as injection.
In one embodiment, a Substrate Such as a Silicon wafer is dipped into a metallic colloid Solution comprising a metallic colloid and a Solvent. The Solvent may be any high boiling point Solvent, e.g., toluene, or dioctyl ether.
Chemical vapor deposition with appropriate flux of hydrocarbon gas and iron nanoparticles Successfully cata lyzed the growth of carbon nanotubes with diameters defined by the sizes of catalytic particles (FIG. 9) . Iron particles of diameters3(3.2+/-0.8) nm produced SWNTs of diameters 2.6+/-0.8 nm. Similar to CVD nanotubes grown using other catalyst Systems, a fraction of the as-grown nanotubes are double-walled carbon nanotubes (DWNTs) with similar diameter range. TEM studies show that the cap shape of an as-grown carbon nanotube from 3 nm catalyst can be either conical (FIG. 9a inset) , round or flat. Under AFM, most of these as-grown SWNTs appeared to be Straight over hundreds of nm in length. However, as the catalyst size increases, a mixture of SWNTs and thin-walled MWNTs with wall thickness from 2 to 12 graphene sheets may be obtained. For iron particles of diameters 9(9.0+/-0.9) nm, the CVD process at 800° C. produced a mixture of SWNTs and MWNTS with diameters of 7.3+/-2.2 nm. The iron particles with largest diameter range of 13 (12.6+/-1.7) nm catalyzed the growth of only MWNTs with diameters of 11.7+/-3.2 nm at 800° C. Usually, the diameter of as-grown SWNTs produced with the medium size catalyst was less than 7 nm. Under TEM, the morphology of as-grown large diameter carbon nanotubes consists of Straight Segments nanotubes often mixed with kinked and bending Segments, which contrast the usual turbostratic and irregular CVD MWNT grown from alumina Supported Fe/Mo catalyst at high ethylene flow rate.
The variation in CVD nanotube growth conditions for different catalyst sizes Suggest Several possible reasons for particles is affected by the flux of carbon (i.e., the partial pressure of the hydrocarbon gas) in the CVD reaction. As the Size of the catalytic particle increases from 3 nm to 9 nm to 13 nm, increasing ethylene partial pressure from 0.5% to 9% to 18% is necessary for the optimal growth of carbon nanotubes at 800° C. Otherwise little or no carbon nanotube growth is observed. At large flux carbon Source (ethylene partial pressure >9%), thin-walled MWNTs were favored over SWNTs to grow from large diameter (>7 nm) catalyst particles. AS the 9 nm and 13 nm iron particles have larger surface area (10x-20x) than that of a 3 nm iron particle, in the presence of a large Supply of carbon Source, the increase in the Surface area of a large diameter particle may have promoted the growth of large MWNTs with wider range of diameters than the range of tubes produced by 3 nm par ticles. Similar trends had been observed with alumina Sup ported Fe/Mo catalyst which have a wide range of catalytic particle size. Although not with explicit controlled particle sizes, this type of catalyst can Selectively catalyze the growth of SWNTs at low ethylene concentration and large MWNTs at high ethylene concentration.
Consideration of the thermodynamics of growth and the details of the reaction conditions may shed Some light on the observed growth of mainly large MWNTs from large diam eter catalytic particles. The Van der Waals interactions between MWNT shells are predicted by theoretical calcu lations to lower the energy of the as-grown Structures. With a larger carbon flux during the CVD Step, large catalytic particles may have enough carbon Supply to preferably grow large carbon nanotubes over Small ones which require more energy to compensate for the Strain energy associated with their high curvature. Hence, the growth of thin-walled MWNTs from the large catalytic particles with limited carbon Source Supply may be thermodynamically favored.
TEM studies indicate that the structures of large diameter, thin-walled carbon nanotubes produced with ethylene at 800 C. contain kinks and bending of their walls more often than smaller diameter (<5 nm) SWNTs (FIG.9b and 9c ).
Sometimes the kinks and twists of these large diameter carbon nanotubes induce "ribbon-like' regions, in contrast to SWNTs of less than 5 nm in diameter. This experimental observation agrees with theoretical predictions that the structures of SWNTs and thin-walled MWNTs of large diameters can be unstable. Because the van der Waals interactions between the opposite walls can be stronger than the Structure reinforced force due to the cylindrical shape of the carbon nanotube, the graphene walls may collapse, especially under mild StreSS and Strain. The presence of these highly strained structures in the as-grown large SWNTS/ MWNTs without fractures further confirms the robustness of these CVD grown nanotubes. In contrast, Vapor-grown carbon fibers break under mild strains and stress. The resulting morphology may be due to the flexibility of the thin wall of a large cylindrical tube and hence a high Structural Sensitivity to defects is introduced during the growth pro CCSS.
To promote annealing of defects during the growth process, preliminary CVD experiments with 9 nm catalytic particles at 900 C. under high ethylene partial pressure (18%) resulted in large diameter, thin-walled (2-3 walls)
MWNTs with much straighter segments than those obtained at 800° C. (FIG. 10a) . The amorphous carbon in the defec tive areas of the tubes possibly came from the pyrolysis of ethylene in the gas phase. For cleaner large diameter tubes, 9 methane, which has a higher pyrolytic temperature, was used. FIG. 10b shows that a 5.2 nm SWNT catalytically Synthesized using iron particles with diameters 3-8 nm.
For SWNT probe fabrication, conventional AFM tips are used to pick up nanotubes from Substrates on which verti cally aligned nanotubes have been grown by CVD (FIG. 2) .
In one embodiment, the growth of isolated SWNTs may lead to ultrahigh resolution, individual SWNT probe tips. A typical AFM image of a substrate following CVD growth (FIG. 2b) 2b shows the average diameter of the SWNTs determined from AFM height measurements where this sample is 2.2+/-0.5 nm. In one embodiment, the diameter ranges from 0.7 to 3 nm, which depends on catalyst and growth conditions. While imaging the wafers, the Sample Z-position often jumps to a lower value with a step size of about 10 to about 100 nm. This corresponds to the pyramidal AFM tip coming into contact with a vertical nanotube and the nanotube becoming attached to the tip. Nanotube tips are fabricated by imaging the nanotube-covered wafers in tapping mode with a silicon tip using a NanoScope III (Digital Instruments, Santa Barbara, Calif.). Force calibration curves were recorded on a clean Silicon wafer to assess nanotube buck ling behavior, and then 10-20 V, 50 us pulses were applied to the tip while imaging in tapping mode to Shorten the tip. The force calibration curve was checked again after remov ing approximately 20 nm and this Sequence was repeated until the desired length was produced. The result is an effectively longer tip and therefore a lower Sample position as depicted in FIG. 2a . These nanotube attachment events happen approximately once per 8x8 um Scan.
Further, these Sub-nanometer SWNT tips can image immediately after being assembled. However, for very high resolution imaging, they may be shortened to about 10 nm in length to avoid excessive thermal vibrations. This may carried out by a pulse etching technique recently developed that can Shorten nanotube tips by lengths of only 2 nm. These nanotube tips provide resolution on Au nanocluster imaging Standards, and progreSS is being made towards increasing their adhesion to the Silicon pyramid for fluid AFM imaging. In addition to being quite simple and having essentially 100% yield, this assembly method may be car ried out on advanced tips Such as those with piezo controlled cantilevers or thermal Sensors without the risk of damage by high temperature CVD conditions.
Although the assembled nanotube tips are capable of imaging immediately after attachment, they are usually too long for high-resolution imaging due to excessive thermal vibrations. The thermal vibration amplitude, X, can be approximated by equating /2kT with the potential energy of lateral nanotube bending:
where k is Boltzmann's constant and T is the temperature in Kelvins. The nanotube force constant for lateral bending, k, can be approximated from the continuum formula: upper limit of 5 A on the vibration amplitude, it may ascertained, in one embodiment, that, for example a 3 nm diameter nanotube tip must be no more than 90 nm long, while a 0.8 nm diameter nanotube tip must be no more than 15 nm long. While these are only approximations that treat the nanotubes as Solid objects with continuous properties, comparison with more rigorous calculations indicate that they are of the correct order of magnitude. In a further embodiment, high-resolution imaging requires length con trol of the nanotube tips with a range of about 2 nm to about 5 nm precision.
In a further embodiment, an etching technique is disclosed, in which an electrical field pulse is applied to the tip while imaging the Substrate. In a particular embodiment, the etching technique uses about 10-20 V, 50 usec pulses applied to the tip while imaging an in doped Silicon wafer. After the pulse, the Sample Z-position raises to indicate etching of the nanotube tip. This method allows about 2 nm lengths to be consistently removed from the tip (FIG.3a) . In addition, the pulse amplitude may be adjusted to control the length etched (FIG. 3b) . FIG. 3c and FIG. 3d demonstrate that the pulse etching leaves a clean nanotube end with TEM images of the same tip before and after etching.
Force curves are very useful means of quickly measuring nanotube tip properties. In this embodiment, raster Scanning is disabled and the tip deflection is plotted verSuS Sample position. AS Shown in FIG. 4a , when the nanotube comes into contact with the sample, the tip is deflected (point 1).
When the force from the cantilever exceeds the nanotube's buckling force, the deflection Saturates and often drops to Zero as the nanotube is deformed (point 2). The deflection rises again when the Silicon pyramid contacts the Sample (point 3). The nanotube length is the separation between points 1 and 3, or about 15 nm in this case. This demon
Strates that the nanotube/Silicon adhesion of the assembled SWNT tips is sufficiently strong to observe nanotube buck ling and image in air.
As expected, these individual SWNT tips produce high resolution images with minimal tip-induced broadening. To demonstrate this fact, we have imaged 5 nm Au colloids that are highly incompressible and have a well-defined shape, making ideal Samples for assessing the resolution of AFM tips. An image of these colloids taken in air is shown in FIG. 5. A croSS Section through one of the particles reveals a full width of 8 nm, indicating a 3 nm diameter nanotube tip.
While the nanotube attachment is Sufficient for imaging in air, dipping the tips into fluid removes the nanotube. Importantly, the tips are often more Strongly attached to the pyramid after TEM imaging. This enhanced attachment is most likely due to a thin carbon layer deposited by the TEM beam. This layer is not thick enough to be visible by TEM, however, So it should not affect the imaging resolution. Once "welded" by the TEM, the tips may be used for fluid imaging. FIG. 5b shows AFM images of gold nanoparticles taken in fluid that demonstrate the high resolution achieved with these tips.
In one embodiment, the nanotubes may be used on the tip of an AFM. In one embodiment, the nanotube tip is mechani cally stable. In a further embodiment, the nanotube tips may be functionalized for chemically and/or biologically Sensi tive imaging, tips enhancing efforts in Single molecule Spectroscopy by reducing the number of functional groups at the tip and better controlling their geometry. In another embodiment, these nanotube tips may be adapted for Scan ning tunneling microScopy. Moreover, these tips may allow energy Selective imaging as observed for Co absorbed STM tips. In another embodiment, more than one nanotube is attached to a tip. For certain kinds of experiments, AFM imaging must be carried out in fluid. While the nanotube adhesion to the tip is Sufficient for imaging in air, the nanotubes are usually removed when the tips are dipped in fluid due to the large Surface tension forces. Therefore, fluid imaging with nano tube tips will require enhanced adhesion between the nano tube and Silicon cantilever.
In one embodiment, a thin layer, for example, about. 5 nm of an adhesive is applied to the Surface of a commercial Silicon tip by dipping it into a Solution of the glue diluted in an appropriate organic Solvent (for example toluene, 10-50 times dilution). A single component adhesive may be used which does not instantly cure due to exposure to air or moisture, and which can withstand exposure to water once cured. In one embodiment, the adhesive is UV-cured adhe sive. In a particular embodiment, UV-cure (NOA #63, Norland Optical Adhesives) and heat-cured (EP19HT, Mas ter Bond, Inc.) epoxies are used. These procedures may increase the adhesion between the nanotube and commercial Silicon tip as evidenced by (1) force-distance curves which directly measure the adhesion by measuring the force required to slide the nanotube along the Silicon Surface, (2) the observation that the tips can be dipped in and out of fluid with the nanotube still attached, and (3) these nanotube tips imaged in water have been prepared in this manner.
EXEMPLIFICATION
The invention now being generally described, it will be more readily understood by reference to the following examples, which are included merely for purposes of illus tration of certain aspects and embodiments of the present invention, and are not intended to limit the invention.
Example 1
High Yield Fabrication of Individual Single-Walled Nanotube Probe Tips for Atomic Force Microscopy Substrates for Vertical nanotube growth were prepared from n' doped silicon wafers oxidized at 600 C. for 20 minutes in Oxygen. A 150 lug/mL Solution of ferric nitrate nonahydrate in isopropanol was prepared and Stirred for 2 minutes. The wafers were dipped in this solution for 10 Seconds, rinsed in hexane, and dried. For nanotube growth, a catalytic wafer was placed in a 1-inch quartz tube furnace and purged with 600 Standard cubic centimeter per Second (Scem) argon, 400 scem hydrogen, and 0.5 scem ethylene for 5 minutes. The ethylene flow was reduced to zero and the substrate was annealed at 700 C. for 15 minutes under argon and hydrogen. The ethylene flow was then turned on at 0.5 sccm for 6 minutes of nanotube growth. Finally, the hydro gen and ethylene flows were turned off and the furnace cooled under argon.
The CVD reaction results in the growth of straight SWNT with lengths of several hundred nanometers. FIG. 1 shows an AFM image of Several Such nanotubes on the Surface. Typical diameters, as measured by AFM, are 0.8 to 3 nm.
Example 2
Attachment of Nanotube to AFM Tip While imaging the wafers, the Sample Z-position often jumps to a lower value with a step size of about 10 to about 100 nm. This corresponds to the pyramidal AFM tip coming into contact with a vertical nanotube and the nanotube becoming attached to the tip. Nanotube tips are fabricated by imaging the nanotube-covered wafers in tapping mode with To assess the properties of the SWNT tip in situ, the deflection verSuS tip Sample Separation has been measured. (FIG. 4) . When the nanotube first comes into contact with the sample, the tip is deflected (point 1). AS the tip-sample Separation is further reduced the applied force will exceed the nanotubes buckling force. At this point (point 2), the deflection Saturates and often drops to Zero as the nanotube is deformed. Ultimately, the Silicon pyramid contacts the Sample (point 3) and the deflection increases again. The nanotube length corresponds to the Separation between points 1 and 3 is about 12 nm for the tip measured in FIG. 2c. The fact that the deflection-separation curves can be repeated multiple times demonstrates that these nanotube tips are highly robust and have a Sufficiently large nanotube/ Silicon adhesion for routine imaging.
Example 3
Synthesis of Iron Colloid Particles
Catalytic iron colloid particles of 3 nm (3.2+/-0.8), 9 nm (9.0+/-0.9) and 13 nm (12.6+/-1.7) diameters were synthe sized by thermal decomposition of iron pentacarbonyl (Fe (CO)) in the presence of alkanoic acid or alkenoic acid ligands at the reflux temperature of the organic Solvent, with modification to published methods. Typically, for the syn thesis of 3 nm iron particles, 1.18 g (5 mmole) of Fe(CO) was first added to 15.4 ml of 66 mM oleic acid (1 mmole) in 1,2-dichlorobenzene at 110° C. under nitrogen. The resulting solution was then refluxed at 180° C. for 1 hour to facilitate a thorough decomposition of the organometallic iron. For the synthesis of 9 nm iron particles, 197 mg (1 mmole) of Fe(CO) was added to 5 ml of 0.5 M lauric acid (2.5 mmole) in dioctyl ether at 110° C. under nitrogen, followed by refluxing at 270° C. for 2 hours. The synthesis of 12 nm iron particles was similar to the one for 9 mm iron particles, except that same molar ratio of octanoic acid was used instead of lauric acid and the refluxing time was extended to 3 hours. A wider range of iron particles with diameters from 3-8 nm was also synthesized with oley lamine and oleic acid in a method similar to those above.
Example 4
Growth of Carbon Nanotubes with Iron Colloid Particles
The growth of carbon nanotubes was carried out by CVD with different sizes of catalytic iron particles. The substrates 4. The method of claim3 wherein growing the SWNTs on a Silicon wafer comprises the Steps of: depositing on Said wafer a metallic catalytic material; placing Said Silicon wafer in a CVD furnace, and exposing Said Silicon wafers to a gaseous atmosphere comprising a carbon containing gas. 5. The method of claim 4 wherein the metallic catalytic material is Selected from the group consisting of metals, metal oxides, metallic Salts, and metallic particles.
6. The method of claim 4 wherein the metallic catalytic material is in Solution.
7. The method of claim 6 wherein the metallic catalytic material is Selected from the group consisting of ferric Salts, nickel Salts, cobalt Salts, platinum Salts, molybdenum Salts, and ruthenium Salts.
8. The method of claim 7 wherein the metallic catalytic material is ferric nitrate.
9. The method of claim 6 wherein the solution comprises an alcohol.
10. The method of claim 9 wherein the alcohol is selected from the group consisting of methanol, ethanol, and isopro panol.
11. The method of claim 10 wherein the alcohol is isopropanol. US 6, 716.409 B2 15 12. The method of claim 4 wherein the carbon containing gas is ethylene.
13. The method of claim 9 wherein the carbon containing gas is ethylene, the metallic catalytic material is ferric nitrate, and the alcohol is isopropanol.
14. The method of claim 3 wherein growing the SWNTs on a Silicon wafer comprises the Steps of:
treating Said Silicon wafer with metallic colloid particles, placing Said Silicon wafer in a CVD furnace, and exposing Said Silicon wafers to a gaseous atmosphere comprising a carbon containing gas.
15. The method of claim 14 wherein the metallic is
Selected from the group consisting of iron colloids, nickel colloids, cobalt colloids, platinum colloids, molybdenum colloids, and ruthenium colloids. 17. The method of claim 14 wherein the carbon contain ing gas is ethylene.
18. The method of claim 14 wherein the metallic colloids have diameters of about 3-15 nm.
19. The method of claim 1 wherein the SWNT has a diameter from about 2 nm to about 13 nm.
20. The method of claim 1, wherein the SWNT has a diameter from about 2 nm to about 9 mm.
21. The method of claim 1 wherein the SWNT has a diameter from about 3 nm to about 5 nm.
